Purpose This study was designed to determine the tumorigenicity of the AS30D HCC cell line following orthotopic injection into rat liver and preliminarily characterize the tumor model by both magnetic resonance imaging (MRI) and ultrasound (US) as well as histopathology and immunohistochemistry. Materials AS30D cell line in vitro proliferation was assessed by using MTT assay. Female rats (N = 5) underwent injection of the AS30D cell line into one site in the liver. Rats subsequently underwent MR imaging at days 7 and 14 to assess tumor establishment and volume. One rat underwent US of the liver at day 7. Rats were euthanized at day 7 or 14 and livers were subjected to gross, histopathologic (H&E), and immunohistochemical (CD31) analysis to assess for tumor growth and neovascularization.
Introduction
Animal models are critical for both mechanistic as well as therapeutic preclinical oncology research. In the field of interventional oncology (IO), a number of animal models have been utilized for examining the safety, efficacy, and mechanisms of both percutaneous ablative and catheter-directed therapies in the liver [1] [2] [3] . More recently, there has been growing interest in the use of orthotopic rat hepatocellular carcinoma (HCC) models in the field of IO, including the Morris (McA-RH7777) and Novikoff (N1S1) HCC models, the latter has been utilized as a model in the liver for catheterdirected chemotherapy, and Y-90 administration as well as irreversible electroporation and laser ablation [4] [5] [6] [7] [8] [9] [10] .
However, recent studies utilizing whole genome expression profiling and comparative functional genomics in human and murine HCC have identified different molecular subtypes with different prognostic and therapeutic significance [11] [12] [13] [14] . Consequently, no single cell line or animal model can recapitulate the molecular or phenotypic heterogeneity of HCC. As such, there is a need for a diversity of HCC cell lines and animal models in preclinical interventional oncologic research to better understand how differential tumor biology affects therapeutic response to both percutaneous and catheter-directed therapies [1] . The AS30D HCCcell line was derived from the liver of a female Sprague-Dawley (SD) rat by induction with chemical carcinogenesis with 3-methyl-4-dimethylaminoazobenze in a distinct manner from the N1S1 cell line [15, 16] . However, unlike the N1S1 cell line, the tumorigenicity of the AS30D cell line following orthotopic injection into SD rat liver is not known. Given the cost-effectiveness and technical feasibility of developing syngeneic orthotopic rat HCC models and their broad applicability for interventional oncologic studies and oncologic liver imaging, generation of new orthotopic models with other cell lines is necessary to increase the biologic diversity of existing HCC models.
The purpose of this study was to determine the tumorigenicity of the AS30D HCC cell line following orthotopic injection into rat liver and preliminarily characterize the tumor model by both magnetic resonance imaging (MRI) and ultrasound (US) as well as histopathology and immunohistochemistry.
Materials and Methods

Rats
All studies approved by institutional animal care and use committee (IACUC). Five female SD rats (Charles River, Wilmington, MA) weighing 350-400 g were used in this pilot study. Rats were housed in individual cages in a climate controlled setting with access to food and water ad libitum and maintained on a 12-h light/dark cycle.
Cell Line and Proliferation
The AS30D rat HCC cell line (DSMZ, Germany) was cultured in a 37°C, 5 % CO 2 humidified incubator and passaged three times per week per distributor instructions to maintain [90 % cell viability [15] . To determine the in vitro doubling time, the AS30D cell line was plated in 96-well plates in complete media in cell dilutions between 1,000-20,000 cells/well (N = 6 replicates) and incubated in a 37°C, 5 % CO 2 incubator for 24-96 h. At 24, 48, 72, and 96 h, MTT cell proliferation assay (ATCC, Manassas, VA) was performed per manufacturer instruction and absorbance measured on a DTX 880 microplate reader (Beckman Coulter, Brea, CA). For each cell dilution, the average absorbance (log 10 ) was first plotted versus time to determine the linear relationship between cell number and absorbance using Prism 5.0 (GraphPad Software, Inc., La Jolla, CA) and next the doubling time (hours) was calculated using the method described by Minko et al. [17] .
Model Development
The experimental design is summarized as a flow diagram in Fig. 1 . The rats were anesthetized with an intraperitoneal injection of ketamine/xylazine and a vertical midline incision was made beginning just inferior to the xyphoid process as previously described [10] . 3 9 10 6 cells in 150 ll of incomplete media were injected into a subcapsular location in the middle hepatic lobe of each rat (N = 5) [10] . Incision was closed with surgical suture as previously described and rats allowed to recover for 7 days [10] .
Magnetic Resonance Imaging
The rats were anesthetized, placed in a BC-10 wrist coil manufactured by the institutional MRI research lab, and imaged using a 3.0T MR scanner (GE Medical Inc., Milwaukee, WI) with non-contrast-enhanced Fast Spin Echo (FSE) T1 and T2 in three planes at 7 (N = 5) and 14 (N = 3) days after cell injection to assess tumor induction and dimensions [10] . Tumor induction and dimensions were measured from the FSE T2 images in the axial, coronal, or sagittal planes by an MR radiologist. Tumor volumes were calculated by using the formula for an ellipsoid by multiplying the maximum longitudinal diameter of the tumor in millimeters (mm) in the superiorinferior (SI), lateral-medial (LM), and anterior-posterior (AP) planes by 0.523 as the correction factor [SI 9 LM 9 AP 9 0.523] [10] . 
Ultrasound
One rat underwent US of the liver at 7 days postinjection to assess the feasibility of US for tumor visualization and measurement of tumor dimensions for comparison with MR images. Briefly, the rat was anesthetized with inhalation isoflurane and the abdomen shaved and prepped with depilatory cream to remove excess fur. The rat was secured to a warmed stage and underwent US of the liver using the Vevo770 TM small animal US system (Visualsonics, Toronto, Canada) with a 30 MHz transducer (RMV-707B).
The maximum longitudinal diameter of the tumor in millimeters (mm) in the SI, LM, and AP planes was measured from the US images for comparison of the three corresponding tumor dimensions measured from MRI.
Gross and Microscopic Pathology
Rats were euthanized with CO 2 inhalation at days 7 (N = 2) and 14 (N = 3), and liver and tumor tissue harvested for gross and microscopic analysis from all hepatic lobes in all rats as well as lungs for examination of micrometastases. The specimens were placed in 10 % neutral buffered formalin (Fisher Scientific/Acros, Waltham, MA), embedded in paraffin, sectioned with a microtome, and stained with hematoxylin-eosin (H&E) to assess cytologic features and evidence for tumor necrosis and local and vascular invasion. In addition, to assess for evidence of early tumor neovascularization, sections underwent immunohistochemical staining for CD31 [18] . Briefly, slides were dewaxed in xylene and rehydrated through graded alcohols. Antigen retrieval was performed by heat treatment in citrate buffer for 30 min, using a vegetable steamer. Sections were incubated with rabbit polyclonal CD31 antibody (1:50; Abcam #ab28364). Rabbit Envision Plus HRP labeled polymer (DakoCytomation) was used for the secondary antibody.
Color development was performed using diaminobenzidine (DAB) liquid substrate (Sigma, St. Louis, MO) followed by hematoxylin counterstain. Slides were dehydrated through graded alcohols, cleared with xylene, and coverslipped using Permount mounting media (Fisher Scientific). All slides were evaluated for cytologic features, tumor growth, local and vascular invasion, necrosis, and neovascularization by light microscopy by an experienced pathologist (21 years).
Statistical Analysis
All statistical analyses were performed using JMP 9.0 (SAS, Cary, NC). Tumor volume (mm 3 ) was compared between days 7 and 14 by using the exact Mann-Whitney test. The agreement in measured tumor dimensions (mm) between MRI and US was analyzed by using the BlandAltman method [19] . P \ 0.05 was the level for statistical significance. (Figs. 2A, B) and hypointense T1-weighted (data not shown) liver lesions in the rats. MR imaging revealed solitary liver lesions at five of five sites (100 %) and three of three sites (100 %) in female rats at days 7 and 14, respectively. The mean (SD) tumor volume was Table 1 ).
Results
Proliferation
Pathology
In the rats, gross analysis demonstrated a solid, yellowwhite mass growing within the liver parenchyma at day 7 (N = 2) and day 14 (N = 3; Fig. 3A) . Analysis of H&E-stained sections revealed a moderate-high grade, well-circumscribed, expansive epithelial-shaped tumor demonstrating cellular and nuclear pleomorphism, mitotic figures, intracellular vacuoles, intratumoral vessel formation, and minimal areas of central tumor necrosis at days 7 and 14 but without evidence of local or vascular invasion (Fig. 3B, C) . In addition, immunohistochemical analysis of CD31 stained sections demonstrated diffuse intratumoral and peritumoral-positive CD31 staining confirming tumor neovascularization as early as day 7 after cell injection (Fig. 3D) . Microscopic examination of the lungs at days 7 and 14 did not reveal evidence of micrometastases (data not shown).
Discussion
In this study, an orthotopic, syngeneic immunocompetent rat HCC model was developed using the AS30D rat HCC cell line and preliminarily characterized by imaging (MRI, US) and microscopic pathology (H&E, CD31). Given the need for cost-effective, biologically diverse small animal HCC models in preclinical tumor biology and IO research, the AS30D model may serve as an early, vascularizing HCC model for both mechanistic as well as therapeutic studies in HCC [1, 2] . Successful technical development of orthotopic tumor models is affected by both biological variables, including the tumorigenicity of the cell line, and technical variables, including cell number, injection medium and volume, needle gauge, and injection speed [4, 5, 7, 8, 10, [20] [21] [22] . Because the AS30D cell line was derived from female rats, the study protocol included female SD rats. Guo et al. [4] reported successful generation of both the N1S1 tumor model in SD rats and the Morris (McA-RH7777) model in Buffalo rats using rats with the corresponding sex from which each HCC cell line was derived. Moreover, previous studies have reported a range of cell numbers from 1 9 10 6 to 6 9 10 6 cells per orthotopic injection using the N1S1 cell line [4, 5, 7, 8, 10, [20] [21] [22] . Preliminary experiments injecting 1 9 10 6 AS30D cells failed to result in tumor growth (data not shown). Injection of 3 9 10 6 into female SD rat livers resulted in 100 % tumor induction by day 7 confirmed by MRI and pathology. These findings demonstrate the importance of cell linespecific dose response for tumor induction. Additionally, tumor growth was maintained in three of three rats by day 14 as confirmed by MRI and both gross and microscopic pathology, but the tumor volume was not significantly different than day 7. The AS30D cell line demonstrates a relatively slow doubling time of approximately 33 h in vitro compared with N1S1 cell line with a doubling times of approximately 18 h in vitro (data not shown). This slower proliferation rate for the AS30D cell line in vitro may explain in part the slower tumor growth in vivo. Taken together, these data demonstrate proof of concept that the AS30D cell line is tumorigenic following orthotopic injection into the liver of immunocompetent SD rats but suggest that that injection of greater than 3 9 10 6 cells may be necessary for larger or sustained tumor growth.
Regarding imaging characterization, FSE MR imaging demonstrated hyperintense T2-weighted liver lesions and hypointense T1-weighted liver lesions. Although MRI provides high-resolution images for tumor visualization, US is more widely available and easier to use. Therefore, US was utilized in one tumor-bearing rat using the Vevo770 TM small animal system with inhalation anesthesia to compare tumor visualization by US to corresponding MRI [23] . US demonstrated a circumscribed, hypoechoic lesion within the liver. The tumor morphology and dimensions measured by US agreed well with the MRI data. Taken together, US is technically feasible and congruent with MRI findings and therefore may provide an alternative imaging modality for assessing tumor growth in this model.
Pathologic characterization of the AS30D tumor model demonstrated a solid mass with gross evidence of vascularization that was confirmed by both H&E and CD31 immunostaining, suggesting that the AS30D tumor exhibits neoangiogenesis early during tumorigenesis. The vascular features of the AS30D tumor may be more similar to those reported by Guo et al. [4] in the Morris (McA-RH7777) HCC model than the N1S1 model by CD34 immunostaining. H&E analysis demonstrated morphologic tumor growth in a sheet like pattern similar to the N1S1 tumor [4, 10] . Microscopic analysis did not reveal evidence of local or vascular tumor invasion within the liver or micrometastases in the lungs at days 7 and 14. However, given the slow proliferation rate in vitro, a longer study period may be necessary to better characterize the metastatic potential of this model.
Our study had a number of limitations. Extended AS30D tumor growth was examined in a small number of rats for up to 14 days in this pilot study. The studies outlined warrant further investigation in a larger sample size of rats for a longer duration to determine further the optimal tumor growth kinetics and to assess better the metastatic potential of this model. Additionally, contrast-enhanced MRI was not performed in these rats. The early neovascularization of the AS30D tumor was not determined until after euthanasia at pathologic analysis. However, given the vascular nature of the tumor, contrast-enhanced imaging should be explored. Moreover, US was technically feasible and showed good correspondence with MRI measurements performed in only one animal but warrants further investigation to characterize more completely the ultrasonographic features of the AS30D tumor. Furthermore, the present model utilized inoculation of HCC cells into normal liver. However, given the critical role of cirrhosis and tumor microenvironment in the clinical pathogenesis of HCC, the AS30D model warrants further investigation in the setting of background liver disease similar to the recently described N1S1 common bile duct ligation (CBDL) model to recapitulate more closely the HCC tumor microenvironment in the setting of background liver disease [10] . Finally, given the phenotypic and genotypic variation in HCC cell lines used in preclinical research, further work is needed to characterize the genetic and molecular mechanisms driving the AS30D cell line to phenotype this model relative to other murine, rat, and human HCC cell lines and is the subject of ongoing work [11] [12] [13] .
In this pilot study, we demonstrated that the AS30D HCC cell line is tumorigenic following orthotopic injection into the liver of immunocompetent SD rats to generate an early vascularizing HCC tumor model and demonstrated the feasibility of noninvasive imaging monitoring of tumor growth by both MRI and US. As evidenced by growing interest in preclinical development of synergistic anticancer therapies in IO, the need for a diversity of small animal, disease-specific models is critical to advance the science and clinical translation of these novel therapeutics [24] [25] [26] . As such, the AS30D model may serve as an additional orthotopic HCC model to previously reported N1S1 and Morris (McA-RH7777) models for preclinical HCC tumor biology and IO research.
